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PURPOSE: TheCoasta Engineering Technica Note (CETN) herein describesamathematica for rapid
estimation of rates of infilling and bypassing at inlet entrance channels located on sandy or gravel shores.
Infilling is assumed to occur by cross-channe transport. The cal culation procedure requires information
typicaly available or estimated in coastd navigation projects and is intended to provide guidance for
projects where detailed studies cannot be performed. The procedure can be applied to any channel that
meets the basic assumptions.

BACKGROUND: Navigaion channds issuing through an inlet entrance intercept sediment moving
aongshore. Thelongshoretrangport may be generated by wave- and wind-generated currents, and by the
longshore component of the flood-tidal current entering the channd. Sediment (assumed to be
predominantly sand or gravel) moving across a channel can reduce channel width by accumulating on the
updrift Sdeor it can be deposited a ong the bottom of the channdl, reducing channe depth (Figure 1). After
equilibration, the sSide dope of an entrance channel dredged in open water on a sandy shore will typically
range between 8 and 10 deg (Buonaiuto, Kraus, and Bokuniewicz. 2000), so that there is considerable
vertica exaggeration in Figure 1.

Sediment can pass over the channel by moving in suspension, and materid deposited in the channd can be
resuspended and transported out. A channel traps sand arriving to it from either sde and, if the materid

remains within the channd, gives a measure of the gross longshore transport rate dong a coast. Sand
entering a channel may be transported seaward during ebb tida flows, and into the bay during flood tidal

cydes. For channes with riverine sources, shoaing may aso result by depostion of upland sediments.
Bypassing (sand moving over, through, or around the channel) can occur to ether sde as well, and the
bypassing ratein the predominant (net) direction to the down-drift beachistypicaly requiredin coagtd inlet
projects.

In Fgure 1, h, is the authorized project depth, the minimum alowable channe depth.  The authorized
project depth, authorized width at the bottom, and authorized side d opes define the channdl cross-section.
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Allowabledredging tolerancesfor the bottom (called overdepth, typicaly 1to 2 ft (0.3t0 0.6 m) andfor the
sde dopes account for dredging inaccuracies and define the allowable pay cross section of the channdl.

Chart Datum

a
Direction of
Predominant Transport
— Design
h Cross Section

A/ Bank
Encroachment

Project Depth, h,
Advance Depth

Depth Immediately
After Dredging

Allowable Overdepth

Figure 1. Definition sketch for terminology

Estimates are made to determine the increasein dredging and cost that will accompany channel degpening
and/or widening. The degpening and widening may be done under exigting authority or in response to a
change in authorization. In addition, degpening and, sometimes, widening may be done under a plan of
advance maintenance dredging. |n advance maintenance dredging, acertain length of channd is deepened
(and, possibly, widened) to reduce dredging frequency. Advance maintenance can yield cost savings by
reducing the number of mohilizations, demobilizations, and surveys, or by dredging when equipment can be
shared between or among projects. Also, advance maintenance may be considered to take advantage of
favorable weether windows, ether to reduce the cost of dredging or to maintain the channd through seesons
when maintenance is not feasible.

A gtandard empiricd methodology for estimating channd infilling isbased on regresson andysis of dataon
ether dredged volume or on soundings at the study site or at channel with smilar conditions (Trawle 1982).
Theempirical procedure requires substantial dataand timefor analysis. An anaytica gpproach was given
by Galvin (1982) and has been gpplied to Federa dredging projects (Foreman and Valianos 1984).

This Note presents an analytic method for estimating the time-evol ution of sand depositingin and bypassing
achanne of specified characteristics exposed to an active zone of longshore or other known cross- channdl
sediment transport. It isapplicableto channdsin estuaries, bays, and lakes by input of therate of transport
approaching normd to the channd, if the Sze diameter of the materid is in the sand and grave range.
Infilling by cohesive sediment isnot consdered here. Themode can be gpplied to estimate necessary depth
and width of achannd to be newly dredged or the performance of achanne to be deepened and widened.

The modd is based on the continuity equation governing consarvation of sand, together with typicaly
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availableor estimated input transport rates. Although predictionsby thismethod can be made quickly, they
should be examined in light of experience with shoding of the same or other channds of smilar
characteristics. The modd is competible with other predictive techniques being developed in the Coastd
Inlets Research Program (CIRP), and it isanticipated that it will be further generaized and combined with
other techniques.

CALCULATION METHOD: The channd infilling can occur through an arbitrary combination of

bedload transport, decreasing the channd width, and suspended load transport (decreasing the channel

depth). Bypassing of the channdl is represented by suspended load passing over the channel and by re-
sugpension and trangport of materia that has been deposited in the channdl.  Assumptions underlying the
modd are:

1. Infilling by bedload can create ashod at the edge of the channd and thereby condtrict the channel
(bank encroachment). The encroachment decreases the width of the channdl.

2. Sediment can be deposited directly into the channd.

3. The dope of the channel remains congtant. (After dredging, in particular, dumping may occur to
achieve the angle of repose, and this process is neglected.)

4. The channd does not erode on the down-drift Sde.

5. Channd dopes are sufficiently mild that flow separation and secondary circulation do not occur or
can be neglected.

6. Sediment trangport dong the channd, asby tidd action or ariver current, isnegligible. (Trangport
by ebb and flood currents aong the channed will be introduced in a future verson of the model.)

7. The cross-channd (longshore) transport is predominantly unidirectiona. (Thisassumption can be
eliminated in numericd solution of the modd.)

8. Materid that isdeposited in the channd can be resuspended and |eave the channdl, and therate of
resuspension is proportiona to the depth in the channel and the rate of deposition.

Figure 2 illustrates the conceptud framework of themodd for the Stuation of trangport directed to theright,
assumed to be the dominant direction of transport. A generd version of the modd can treat both left- and
right-directed trangport. Immediately after dredging, the channel has width W, and depth hy. The ambient
or naturd depthinthevicinity of thechannd ish,. Assediment istransported to the channd, it can become
narrower by filling from the sde and shdlower by filling from the bottom. The coordinate z measures
elevation from the bottom of the dredged channdl. It isconvenient to work with eevation from the dredged
bottom rather than depth; conversion to depth below the navigation datum can then be made through
knowledge of z, hy, and hp,.
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Figure 2. Definition sketch for channel infilling model

If the channel becomes narrower because of growth of the updrift s de by bedload transport and deposition
into the channd, the width of the channd a agiventimeis

W(X,t)=W, - x(), for x<W, @

The transport rate g per unit length of channel near the updrift side of the channd can be dividedinto the
bedload transport rate g, the rateq, of suspended material deposited into the channdl, and the rateqy of
suspended materid passing over the channel from theright. For that portion of channd crossing the surf
zone, the transport rate per unit length at the channd can be estimated asthetota trangport rate Q multiplied
by the ratio of length of channel exposed to the longshore transport to the total width of the surf zone,

From Figure 2, the transport rate per unit length of channd is apportioned as
Or = Or T Or * Ox 2@

The rate g. of materid filling the channd is the sum of that entering and that resupended and leaving the
channd,

Jr =Uor T - AR (3)
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The rate g, of materid bypassng the channd is given by the sum of g« and the rate g of materid
resuspended from the channd,

Oyr =0 7O (4)

Itisseenthat g = qg Rl® ™ (=Gr* Or * Og) -
A closure assumption of the modd is that the rate of material resuspended from the channel bottom is
proportiond to the product of the depth of the channd and the rate of deposition as

z
Or =€y Z Uor Q)
wheree,q isan efficiency factor for resuspensonsuchthat O£ e, £1. For example, for fine- and medium

sand, it is expected that e, @1, whereas for coarse materid such as gravel, e;q @0.

To proceed, the apportionment of gz must be known. For this purpose, coupling coefficients a,,, are

introduced, where the a’s are numbers (which can be expressed as percentages), and subscripts denote
coupling between rate a and rate b:

Obr = @RrOR
Qdr = AgrOR (6)
Osr = AsrOR
These coefficients obey the condraint
ap tagtag =1 (7

The congtraint expresses one equation in three unknowns, requiring two additional equations. To proceed,
in the absence of process-based estimates, one can, for example, specify a,: and a, asinputsand solvefor
agasag =1- a - g;g. Thedetermination of the coupling coefficients, which should be timedependent,
in terms of the coastal processes at the gdte is the subject of future work. At the moment, values are
specified based on experience gained with the modd (see the examples below). An estimate for the
coupling coefficent a.r isgivenin CETN-1V-__| (Larson and Kraus 2001), called asthe“trapping ratio” or
p in that Note.

For the channd bottom, the continuity equation gives achangein bottom eevation Dzintimeinterva Dt as

s <] z 0 z0
WDz = (qdR' qu) B ZQCIdR - €4 — O +Dt =a xr0r gi' €q—+Dt
e L g e Ly

which becomes
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Z_ ag F o 20 =
TR e A0=0 ®

Similarly, for infilling by growth of the Sde channd, continuity gives
Dx(2z, - 2) =qDt = 8,01t

which becomes

dx_ & _
a ;_I—quR’ X(0) =0 )

Equations 8 and 9 are s multaneous non-linear equationsfor channd depth zand width x as afunctionof the
input rate (which can betime dependent) and time. Equation 8 indicatesthat zwill incressemorergpidly as
the width decreases, and Equation 9 indicatesthat the width W(x) will increase morergpidly asthe channd
fills. These equations can be solved numericaly for agenerd stuation with time-dependent variables. An
andytic solution gpproach for rapid desk study is given next.

ANALYTICAL SOLUTION FOR CHANNEL INFILLING: Ogperationand maintenanceof channels
will not dlow the depth to become less than project depth or allow the width of the channel to be greatly
reduced. Theseconditionsare equivaent to Sating that interest concernsardatively short timeinterval after
dredging as compared to the total time it would require to fill the channel completely. For this case, the
equations can be linearized under the assumptions z/zy<< 1 and xMp << 1. By expanson of
denominators, Equations 8 and 9 become

dz_ag & z x0
—— = -y —t—+ z(0) =0 (20
dt quRgl 17 W, ©
ad
dx _ ag L 20 _
— = —_— xX(0)=0 (11)
2 n %, O

which are now smultaneous linear equations for z and Xx.

Differentiating Equation 10 with respect to time and subgtituting Equation 11 into the resultant equation to
replace the dx/dt gives

d?z dz a
—+2b—-cz=d, 0) =0, 0)=—R 12
a2 a cz z(0) 70) W, Or (12)

where the quantities b, ¢, and d are
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_ Sl _Cfefn o 4o
ZWO% qR’ C \/\/0225 qR’ d CZO (13)

A second initid condition for zwasintroduced through the first derivative as determined from Equations 8
evaduaed with theinitid conditionson x and z. The solution of (12) isfound to be

z=Cexp(rt) +C,exp(r,t)- 7 (14
where
r,=- b+b%+c, r2:—b-\/b2_+c (15)
and
q=z“2’_%, C,=-G+2 (16)

It can be seen from Equations 14 and 15 that this solution is vaid for relatively short times after t = 0
because the term proportiona to exp(r1t) diverges for long egpsed time (r, > 0).

Subdtituting (14) into (9) and integrating gives

c \
x—a;OR qRArl(exp(rlt) 1)+ 2 (exp(r0)- 1)g (17)

el 2 u

For smdl t, (14) can be expanded to give (retaining leading order in t, agr, and awR),

. hat Cady
7= rd th_ rd “dR
W, T 20z

(adR +abR)QF2et2 (18)

indicating that thechannd gartsfilling linearly withtime. If ay,r = 0 (no bedload transport), then x =0for dl
time, and Equation 18 reduces to

e a
Z=20@.‘ eXp rd R
é 3 Wz,

th = (19)
a0

which indicates exponentid filling of the channd.
Smilaly, for andl t, Equation 17 yields

rd Fr
X:a‘z.: Ot + ;WRzgR gat’

(20)
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showing thet if agr = 0 (no suspended sediment), the channd fillsin linear manner with time by growth and
intrusion of the updrift Sde into the channd.

Channel Infilling Rate: Therate of channd infilling, how rate a which the bottom isshoding, isR, =
dz/dt and can be from Equation 14. For atime shortly after dredging, Equation 18 gives

e A€
RZ:adR rdq - R™rd
W, ™ Wiz,

(adR + abR) Ot (21)

The leading-order term is independent of z,, S0 the rate of channd infilling depends more strongly on Wo
than on z,. The solution thus indicates that the rate of channel infilling can be reduced more by increasing
channel width than by increasing channd depth.

Bypassing Rate: Thebypassngraeisgivenas g, =q g +0, OF

® 20
Oy = ¢ltags - €48 —+0r (22)
e Lo

obtained as a function of time from Equation 14 for z.

Time Interval for Maintenance Dredging: A channd sectionisdredged to adesgn depthincluding
a certain amount of advance dredging and a certain amount of alowable overdredging. The andytica
channd infilling mode provides an etimate of the maximum possibletimeinterval Dt,, between dredging (the
dredging cycle) for an assumed congtant rate of infilling. Thenfor anincreasein channe eevation frominitid
depth h, (dlevation z = 0) to some the project depth h, (or eevation z, = hg - hy), at which time dredging
must be scheduled, can be determined from Equation 14 by iteration.

If bedload trangport and channd bank encroachment are not significant, then Equation 19 can be solved to
give

Wz @ Z,6_ W(h-h) a,-ho
|ngl- — == |n(;, =
Crdrk e %o €arBir Or eho - ha 1%}

(23)

p

This equation indicates that the time between dredging intervasis directly proportiona to the width of the
channdl; approximeately proportiond to theinitia depth of the chamnel with respect to theambient depth; and
inversdy proportional to the input transport rate. If Equation (23) is expanded or, equivaently,
Equation (18) is solved for Dt, to leading order, the result is

Dt, @ 22— (1, - h,) (22
CRa'dRqR
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EXAMPLE SOLUTIONS: In these two examples, zy=4m, Wo =50 m, and Dt = 0.1 year. The
effective channd length, determined asthe average width of the surf zone over al tides and wave conditions,
was estimated to be 1,000 m.

Equations 8 and 9 (smultaneous nortlinear equations) were solved numericaly, and the anaytical mode
deve oped from thelinearization (Equations 14 and 17) wasadsorun. Thesmulationtimewas2 years, and
thenumerical calculation was hated if z reached zy/2 (assumed project depth) or x reached Wo/2 (minimum
dlowable width of channd).

Example 1: (fine sand) Qg = 150,000 m®year, a;r = 0.5, a,r = 0.1, e, = 1

The sediment at thissiteisfine sand, and cal culation of thetrapping factor accordingto CETN-1V-__ gave,
agr = 0.5. This example smulates a shallow-draft channe &t an inlet located on asandy shore, SO most of
the fine sand is deposited into the channel or passes over the channd (ag =1- ai - az =0.4). If

materid isdeposited into thechannd, it can bereadily resuspended. The effective channe lengthis 1,000 m,
S0 gr = 150,000/1,000 = 150 n¥/m/year.

Figures 3 and 4 compare cal cul ationswith the numerica modd and thelinearized model. For short e apsed
time there is agreement, with deviations occurring after @out 0.6 to 0.8 year for this example. After
1.7 years, project depth (z = z,) was reached, and the numerica mode stopped.

Figure 5 shows the time evolution of the channd infilling rate g.x and the bypassing rateq.x, normaized by
theinput g=. Thetotd addsto unity a any giventime. Therate of bypassng exceeds the channd infilling
rate approximately 0.6 years after dredging.
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Figure 3. Increase in elevation (decrease in depth) in channel on sand shore: comparison of non-linear
model (numerical solution) and linearized model (analytical solution)
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Figure 4. Increase in intrusion distance (decrease in width) in channel on sand shore: comparison of non-
linear model (numerical solution) and linearized model (analytical solution)
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Figure 5. Evolution of channel infilling rate and channel bypassing rate on sand shore

Example 2: (gravel) Qg = 50,000 m*/year, agr = 0.2, apr = 0.7, €4 =0

This example Smulates a shalow-draft channd in aninlet located on agrave shore, SO most of the coarse-
grained materid isdeposited on the updrift Sde of the channd, with little bypassing by suspended transport
(ag =1- ai - ax =0.1). Only thefinemeaterid isassumed to travel over the channd by suspension. If

the gravel getsinto the chand, noneis resuspended sufficiently to leaveit. The effective channd lengthis
1,000 m, so gr = 50,000/1,000 = 50 n/m/yesar.

10
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In this Stuation of a gravel shore, because most material remains & the updrift Sde of the channd, little
depth is lost (Figure5). However, after 2years, the updrift Sde of the channd has intruded about
37 percent of the way across the channel (Figure 6), becoming a hazard to navigation. The sde of the
channel grows gpproximately linearly, because little materid is deposited in the channd bottom through
suspension.  Therefore, the governing equation is only weekly nonlinear, and the linearized (andyticd)
solution and numerica solution produce dmost the sameresults. Figure 7 showsthat most of thematerid is
deposited into the channd, with little bypassing.
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Figure 6. Increase in elevation (decrease in depth) in channel on gravel shore: comparison of non-linear
model (numerical solution) and linearized model (analytical solution)
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Figure 7. Increase in intrusion distance (decrease in width) in channel on gravel shore: comparison of non-
linear model (numerical solution) and linearized model (analytical solution)
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Figure 8. Evolution of channel infilling rate and channel bypassing rate on gravel shore

FUTURE WORK: Researchisunderway inthe CIRPto provide aconvenient interfacefor implementing
the numericd solution of the channd infilling modd. The solution will dlow time-dependent wave
information to generate a longshore current, caculate the width of the surf zone, and channd infilling by
sections with different ambient depths dong the channdl.

ADDITIONAL INFORMATION: ThisCETN waswrittenby Dr. NicholasC. Krausof theU.S. Army
Research and Development Center (ERDC), Coasta and Hydraulics Laboratory and by Dr. Magnus
Larson, Universty of Lund, Sweden. The research wasjointly supported by the Coastdl Inlets Research
Program, Inlet Channds and Adjacent Shorelines Work Unit, and by the Coastal Navigation and
Sedimentation Program, Diagnostic Modding System Work Unit. Questions about this CETN can be
addressed to  Dr.NicholasC. Kraus (601-634-2016, Fax601-634-3080, e-mal:
KrausN @wes.army.mil).

This CETN should be cited as follows:

Kraus N.C., and Larson, M. (2001). “Mathematicad mode for rapid estimation of infilling and
sand bypassing at inlet entrance channels,” Coastal Engineering Technica Note CETN-IV-_,
US. Army Engineer Research and Deveopment Center, Vicksburg, MS.
(http://chl.wes.army.mil/library/publications/cetn)
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